Abstract: The plasticity, elastic modulus and thermal stability restrict the applications of electrodeposited nanocrystalline Ni-Fe alloy foils. To improve its mechanical properties, the electrodeposited Ni-Fe alloy foils were heat treated within the temperature 900-1,150°C. The microstructure and texture of the samples were further analyzed with a combination of SEM, XRD and EBSD. The experimental results indicated that the electrodeposited Ni-Fe alloy foil had poor mechanical properties at about 1,000°C, which was mainly attributed to the development of a mixed grain microstructure. At 900-950°C, the plastic and elastic modulus were greatly improved, which were owed to the uniformed microstructure and the decrease of structure defects. At 1,050-1,150°C, the degree of the mixed grain microstructure decreased, resulting in improved plasticity and higher elastic modulus. However, the strength of the foil obviously decreased, which was mainly associated with the increase of the average grain size.
Introduction
Electrodeposited nanostructured materials are produced using electroplating, which could offer the possibility of large-scale industrialized production by employing continuous stripping and depositing processes. The advantages of low cost, low investment and mass production have made the electrodeposited method an effective technique for preparing nanostructured functional materials. Numerous experimental and theoretical studies have proved the extremely high strength of the nanostructured metals, but the plasticity [1, 2] , elastic modulus [3, 4] and the thermal stability [5, 6] of these material are low, which limits their development and ultimate application.
The unique properties of electrodeposited nanocrystalline materials depend on their microstructure and texture, and heat treatment is one of the methods used to control the microstructure and properties of these materials. Recently, there have been many reports [7] [8] [9] [10] concerning the mechanical and thermal properties of electrodeposited nanocrystalline metals that annealed at low temperature. Ebrahimi and Li [1, 11] detailed the mechanical behaviors of electrodeposited, annealed nanostructured Ni-Fe alloy. Gao [12] investigated the stability of electrodeposited Ni-Fe-P alloys. However, the studies on the effects of high temperature treatment on the properties of nanocrystalline metals have been rarely reported. The material properties depend on its microstructure and texture. Electrodeposited nanostructured materials have a unique microstructure that has no rolling strain and weak driving forces in grain growth. Consequently, the recrystallization process of electrodeposited nanostructured metals is different from that of traditional cast-rolling metals. The annealing temperature of the metal is the most important parameter in its heat treatment. Therefore, to maximize the properties of an electrodeposited nanostructured metal, it is necessary to understand the influence of annealing temperature on microstructure and properties of the product.
Among the various electrodeposited metals, electrodeposited Ni-Fe alloy is the most widely used, making it a good representative of its class. Therefore, this paper investigated the variation in the properties of electrodeposited Ni-Fe alloy foil during high temperature annealing, in the belief that the results would help to improve the performance of the material and provide a basic experimental understanding for the application of Ni-Fe alloy foils.
Experimental procedures
The experimental material comes from an industrial company of China. The product is 50 μm in thickness, 25 cm in width and 5 m in length. The chemical composition is 50.03 wt% Ni, 0.015 wt% Mn, <0.005 wt% Al, <0.005 wt% Ti, <0.005 wt% P, 0.042 wt% S, 0.0042 wt% N and residual Fe.
The annealing equipment is a tube furnace with vacuum system and high temperature hot stage, as shown in Figure 1 . Firstly, the alloy foil was wound on the alumina tube and placed in the constant temperature zone of tube furnace. The tube furnace was vacuumed and filled with argon gas. Then the gas was switched to hydrogen, and the flow rate was 200 mL · min . The alloy foils were heat treated at the designed temperatures (900°C, 950°C, 1,000°C, 1,050°C, 1,100°C and 1,150°C) for 4 h at the rate of 5°C · min . Then the specimen was cooled to 500°C with a rate of 5°C · min
Finally, the specimens were kept in the tube furnace until the temperature decreased to the room temperature.
In this study, the microstructural morphology of alloy foils was examined using an optical microscope and a scanning electron microscopy (MLA-250). The crystal structure analysis was obtained using X-ray diffraction (MXP21-VAHF). The microorientation analysis was conducted using electron backscatter diffraction (EBSD) employing associated equipment on the scanning electron microscope. The mechanical property testing of the alloy foils was conducted using an electronic universal testing machine (WDW 3020).
Results and discussion
Microstructure of the electrodeposited Ni-Fe alloy foil Figure 2 (a) and 2(b) shows the surface and cross-section microstructure of electrodeposited alloy foils. The fine grain gathered by many nanocrystalline grains (grain size 100 nm) was observed on the surface of alloy foil while the layered microstructure with interlayer spacing about 100 nm was observed in the cross section of the specimen. Figure 2 (c) shows the XRD patterns of alloy foils. By comparison with standard cards, the sample was γ-[Fe, Ni]. The diffraction peak was wide, and there were some steamed bread peaks, which indicated that the grain size was very small or even the alloy foil was of amorphous nature. The formation of microcrystalline structure was caused by the following reasons. The electrodeposited process involved discharge of metal ions. Each ion discharge generated a high temperature adsorption atom. Evaluating with temperature, the discharge energy was equivalent to that each of atom was heated to tens of thousands of degrees. Then the metal atom underwent a process of rapid quenching, and thus the electrodeposited of Ni-Fe alloy foil was approximately regarded as ultra-fast cooling solid, which led to the formation of microcrystalline.
Effects of the annealing temperature on the recrystallization microstructure
The grain size and its distribution of the alloy are important parameters that determine the microstructure of material and directly affect the resulting physical properties. Therefore, knowing these characteristic parameters is essential to the understanding of material and how it may lend itself to industrial production. In addition, because the thickness of the Ni-Fe alloy foil was only 50 μm and the grain size after the abnormal growth exceeded the thickness of the alloy foil, the grain statistics of the surface and the cross section of the alloy foil may be different and it is necessary to discuss them separately.
Microstructure morphology and grain size
Examination of Figures 3(a) and (b) shows that the grain size of the alloy is small and the morphology is uniform after alloy foil was heat treated at 900-950°C. As shown in Figure 4 (a), the structure of the cross section of the alloy is similar to its surface, but it can be seen that the grain size of the central part of the cross section is slightly larger than that on the surface. Figure 3 (c) shows the alloy foil after annealing at 1,000°C. The abnormal growth of the grains has increased and as the grain growth rate began to accelerate, the grain size became nonuniform, and the alloy foil appeared to have mixed crystal structure. At the same time a similar mixed crystal structure can also be observed in the cross section as shown in Figure 4 (b). When the annealing temperature was increased to 1,050°C, the small grains began to merge and grow and the number of grains decreased sharply, In addition, a twin crystal structure was observed on the surface of the alloy foil as shown in Figure 3 (d). Figure 3 (e) shows a sample after annealing at 1,100°C. The small grain in the mixed crystal structure grew up and the grain boundary of large grains began to become regular, exhibiting a grain boundary angle of about 120°. In the cross section, the grain boundary is parallel to the surface and some grains occupy the thickness direction (Z direction) of the cross section, as shown in Figure 4 (c). Figure 3 (f) shows that the grain size of the alloy foil grew as the annealing temperature further increased, but the uniformity of the microstructure improved and the degree of the mixed crystal structure decreased. Figure 5 is a plot of the variation of the cross-section grain size and the surface grain size versus the annealing temperature. It can be seen that the grain size of the cross section is slightly larger than that of the surface, but the variation in their size was the same as the annealing temperature was increased. When the annealing temperature was higher than 1,000°C, the slope of the two curves increased with the increase of the annealing temperature, which indicated that the grain growth rate increased.
Grain size distribution
When the foil was annealed at 900°C for 4 h, the grain size of alloy foil was concentrated in 0-5 μm range. The quantity and area fraction of the surface grain were 99.86 % and 98.41 %, respectively. Under these conditions, the cross-section grain size was much smaller than the thickness of alloy foil and the grain size distribution of cross section and surface was consistent, as shown in Figure 6 (a-1) and Figure 7(a-1) . When the foil was annealed at 1,000°C for 4 h, the quantity of grains in the size range of 0-5 μm decreased to 86.29 % and small grains still accounted for the majority of these quantity. However, the area fraction of these grains was only 25.69 %. As shown in Figure 6 (b-2) the grain size distribution has 2 peaks, which indicated the relative amount of the small grain and large grains. The small grain size of the surface was mainly in 5 μm range and the large grain size was mainly in 30 μm range. Comparing the grains of surface and cross section, the 2 peaks of the grain size distribution in the cross section shifted to the right, as shown in Figure 7(b-2) . The grain size of small and large grains were concentrated in 10 μm and 40 μm ranges, which indicated that the inner grains of the alloy foil grew faster than the surface grains. When the foil was annealed at 1,100°C for 4 h, the fraction of grain in the 0-5 μm range decreased sharply, the quantity and the area fraction decreased to 20.81 % and 9.58 %, respectively, which demonstrated that primarily small grains grew during this process. Figure 6 (c-1) and show that the distribution of grains was scattered indicating that the uniformity of the microstructure increased. The 2 peaks of the grain size distribution shifted to the right and the sizes of the small grains and large grains were mainly distributed in 20 μm and 50 μm ranges. Comparing the grain size distribution of surface and cross section, the grain size distributions were similar, but the large grain size of the cross section was slightly smaller than that of the surface. This because the grain growth of the cross section was limited by the thickness of the alloy foil, as shown in Figure 6 (b-2).
Effect of annealing temperature on the structure of alloy foil Figure 8 shows the variation of the XRD patterns of alloy foils with the annealing temperature. The diffraction peak of the unannealed sample was wide, which indicated that the grain size was very small and the sample appeared to be slightly amorphous. In these samples, it can be seen that there were mainly (111) and (200) diffraction peaks and a small amount of (311) peaks, which indicated that the alloy foil was dominated by (111) and (100) orientation grains. When the alloy foil was heat treated at 900°C for 4 h, the diffraction peak became narrow and sharp, indicating that the grain size increased. The intensity of the (111) diffraction peak increased, but the intensity of (200) diffraction peak decreased, indicating a growth advantage for the (111) orientation of the grains of the alloy foil was replacing the (100) grain orientation. When the alloy foil was heat treated at 1,000°C and 1,100°C for 4 h, the (200) diffraction peak almost completely disappeared, which indicated that the (111) orientation was preferably enhanced and thus the strong {111} texture was resulted ( Figure 9 ). 
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Effect of annealing temperature on the anisotropy of alloy foil
The strong texture normally leads to anisotropy in the mechanical properties of the material, so it was found to conduct further microscopic analysis of the alloy foil along the X, Y, Z axes, as shown in Figure 9 (a). To clearly describe the distribution of different oriented grains in the alloy foil, structural model of grain orientation was established, as shown in Figure 9 (b). Figure  10 (a-1), (a-2) and (a-3) are the IPF(X), IPF(Y) and IPF(Z) EBSD results for the alloy foil annealed at 900°C for 4 h. In Figure IPF (X), the alloy foil was found to be dominated by (110) and (112) orientated grains, of which the (110) crystal surface (the green region) and the (112) crystal surface (the purple region) were parallel to the YZ plane (the plane vertical to the X axis). In Figure  IPF (Y), the alloy foil was dominated by (110) and (112) orientated grains, of which the (110) crystal surface and the (112) crystal surface were parallel to the XZ plane. In Figure IPF (Z), the alloy foil was dominated by (111) orientated grains associated with a few (110) oriented grains, of which the (111) crystal surface was parallel to the XY plane. Figure 11(a) shows the inverse pole figures of the alloy foil annealed at 900°C for 4 h in the direction of X, Y and Z axis. The pole density intensity of (110) and (112) in the X direction was close to that in the Y direction and the pole density intensity of (111) in the Z direction was very high. When the alloy foil heat treated at 1,000°C for 4 h, nearly all of the abnormal grains growth were (111) orientated grain, as can be seen in Figure 10(b-3) . This suggested that the (111) orientated grains of the alloy foil had a growth advantage during heat treatment. Figure 10 (c-3) shows IPF(Z) map of the specimen annealed at 1,100°C for 4 h. Nearly all of the grains were (111) orientated grain, except for a twin which was (100) orientated. Comparing the inverse pole densities in Figure 11 (b) and (c), the pole density intensity of the grain orientation in the X direction was similar to that in the Y direction and the pole density intensity of the (111) in the Z direction appeared to be enhanced as the annealing temperature was increased. As a result, the alloy foil exhibited a strong {111} texture.
In summary, the structure of the foil in the X direction was similar to that in the Y direction, but the structural differences were significant between the Z and the X, Y directions. The structure of the alloy foil exhibited anisotropy. Although the {111} texture of the alloy was enhanced at higher annealing temperatures, the structure in the direction of X and Y axes was similar. So the mechanical properties of the alloy in the X and Y axes directions were similar and were less affected by the direction of tensile stress. Figure 12(b) shows the stress-strain relationship of the alloy foil annealed at various temperatures. As can be seen, the δ b value of the untreated samples was 1,335 MPa, δ 0.2 was 1,161 MPa. This extreme high strength was attributable to the nanocrystalline microstructure of the electrodeposited alloy foil. Due to the tiny grain size results in a very large grain boundary area so that the grain boundary strengthening effect is remarkable and grain boundary dislocation rarely occurs, resulting in the high material strength. Following heat treatment, the variation in the alloy foil strength was not entirely consistent with the average grain size. This was due to the strength being affected by the grain size and the degree of uniformity of the microstructure. When the annealing temperature was 900-950°C, the grain size was fine and the microstructure was uniform, leading to a relatively high strength. According to the equation of Hall-Petch [13, 14] , grain growth in the alloy was the main cause of the strength reduction. When the annealing temperature was 1,000°C, a portion of the grains grew abnormally and formed a mixed grain microstructure. The stress concentration in the alloy foil upon stretching caused the specimen to fracture at a lower strength. At this stage, the degree of randomness of the microstructure was the main reason for the strength reduction. When the annealing temperature was 1,050-1,150°C, the average grain size of the alloy foil increased and the strength of the alloy foil increased. This was a result of the improvement in degree of randomness of the microstructure. These results suggested that the strength of the alloy foil was determined by the grain size and the degree of uniformity of the microstructure.
Effect of annealing temperature on mechanical properties Strength
Elongation
Due to the nanocrystalline microstructure, it was difficult to form dislocations during the deformation process. Therefore, the plasticity of the non-heat-treated specimen was very poor and its elongation was less than 2 %. In the morphology of tensile fracture, the fracture surface is flat, so that brittle fracture is the fracture mechanism, as shown in Figure 13 (a). When annealing temperature was in the range of 900-950°C, the plasticity of the alloy foil was improved and the elongation attained to 20 %. This increase in plasticity was due to the uniformity and fineness of recrystallized grain size during the annealing of the alloy foil. A small amount of dislocations and vacancies were formed in the deformation process and there was less elastic interaction between dislocations, which led to easy movement of the dislocations. In addition, the small amount of dislocations and dislocation pile-ups resulted in lower stress concentration, which delayed the crack initiation and increased the fracture strain. These phenomena improved the plasticity of the specimen. Referring to the tensile fracture micrographs shown in Figure 13 (b), the grain structure in some areas of tensile fracture surface revealed that the fracture mechanism was intergranular fracture. When the alloy foil was heat treated at 900°C for 4 h, the elongation decreased to 12 %. This decrease resulted from the non-uniform microstructure of the foil, which resulted from the abnormal growth of individual grains during annealing. In addition, each portion of the abnormal grain area together with the small grains resulted in poor coordination during the stretching process generating stress concentration and ultimate fracture. The surface of the fractured area exhibited no obvious cleavage steps further validating that the failure morphology was intergranular fracture, as shown in Figure 13 (c). After annealing the foil at 1,050-1,150°C, the elongation of the alloy foil gradually increased. This was due to fine grain growth and lower degree of mixed grain structure. As the average grain size increased, the area of grain boundary decreased. This allowed the dislocations to merged and move within the grains. In addition, the development of a twin microstructure also benefited dislocation movement during the deformation process. According to the tensile fracture micrographs shown in Figure 13 (d), the fracture mechanism was cleavage fracture.
Elastic modulus
The electrodeposited foil with a thickness of 5-100 μm has the potential for application as a diaphragm material, but its low elastic modulus limits this application. The low elastic modulus of the electrodeposited foil results from the high density of crystal defects, loose structure, the gap between layers and weak atomic bonding forces. When the alloy foil was heated at 900-950°C for 4 h, the elastic modulus of the alloy foil increased 30 %. This resulted from an increase in the density of the alloy foil, a decrease in crystal defects, and increase in the atomic bonding forces. In addition, the recrystallization texture improved which helped improving the elastic modulus. For cubic crystals, the elastic modulus of the [100] crystal axis is the lowest, while the elastic modulus of the [111] crystal axis is the highest. Therefore a decrease in the weak {100} texture and the enhancement of {111} texture as a result of annealing led to the increase of the elastic modulus of the alloy foil. When the alloy foil was heat treated at 1,000°C for 4 h, the elastic modulus decreased. This was due to the non-uniform of the foil's crystal structure, which was caused by abnormal grain growth during annealing. In addition, the anisotropy of the foil cross section increased when the size of abnormal grains was close to the foil thickness (50 μm). This poor grain structure resulted in a concentration of the elastic modulus in the local region of the cross section, which reduced the overall elastic modulus of alloy foil. Heat treatment of the alloy foil at 1,100°C for 4 h reduced the relative nonuniformity of the crystal structure, which resulted from the growth of small grains. Thus, the elastic modulus of the alloy foil was increased.
Conclusions
This research focused on the effects of heat treatment annealing on the properties of electrodeposited Ni-Fe alloy foils. The experimental results suggest the following conclusions:
(1) In the heat treatment process, the variety of the microstructure of the alloy foil underwent three stages: fine grain microstructure, mixed grain microstructure and coarse grain microstructure. (2) The grain grew preferentially with a (111) orientation as the annealing temperature was increased. The structure of the foil in the X direction was similar to that in the Y direction, but there were large structural differences between the Z direction and the X, Y directions. (3) The plasticity and elastic modulus of the heat-treated samples were improved comparing with the initial electrodeposited Ni-Fe alloy foil. And the elongation reached over 20 % and the elastic modulus increased 30 % in the range of 900-950°C and 1,050-1,150°C, respectively. However, due to the non-uniform mixed grain microstructure after annealing at 1,000°C, the mechanical properties of the alloy foil were poor.
